ABSTRACT This paper provides an overview of results from a long-term (38 generations) selection experiment. Lines were developed from individual phenotypic selection for high or low body weight at 8 wk of age. Included are data for the selected lines, sublines in which selection was relaxed, crosses of the selected lines, and sublines in which the sex-linked dw
gene was introduced. Periodically (and in some cases every generation) data were obtained for unselected traits. These unselected traits included feed consumption and intake behavior, reproduction, allomorphic relationships, and metabolic, immunological, endocrine, and molecular factors. These responses have been integrated into a resource allocation paradigm.
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Rocks (Siegel, 1962) . From this segregating gene pool, chickens with heavier BW at 8 wk of age became the parents of the high weight line (HWS) and those with lighter BW became parents of the low line (LWS). Thereafter, individual phenotypic selection was practiced within each closed line for the single trait, BW at 8 wk of age. Numbers of sires and dams selected to produce each selected line were 8 and 48, respectively, through the fourth generation of selection (S4), 12 and 48 from the S5 to S25 generation, and 14 and 56 after the S25 generation.
Husbandry
Each generation, chicks were hatched on the first Tuesday in March and wing-banded for individual identification. If adequate numbers were not obtained from this hatch, a second hatch was produced on the third Tuesday in March. Chicks were reared in the same pens on litter with hot air brooding to 8 wk of age in all generations. Other than routine husbandry in a rather isolated environment, the only disease preventions were addition of a coccidiostat to the diet and vaccination for Marek's disease, which commenced after S17. Diet formulations were the same throughout the experiment and included 20, 16, and 16% CP and 2,685, 2,761, ,and 2,772 kcal ME/kg in the starter (0 to 8 wk), developer (8 to 18 wk), and breeder (> 18 wk) rations, respectively. Beginning in Generation 18, feed intake after 8 wk of age was restricted for chickens of Line HWS and its relaxed sublines because of increasing difficulties with reproduction.
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Randombred Control
As an environmental control, samples of eggs from the Athens-Canadian Randombred (AC) population (Hess, 1962) were incubated with eggs from the selected lines and the chickens were reared with the selected populations. This practice was followed each generation except for the parental, 27th, 29th, and 30th generations (Liu et al, 1994a,b) .
Regressions of 8-wk BW on generation were not different from zero for the AC control population. These regressions were -1.1 ± 0.8 g for males and -0.7 ± 0.7 g for females through 37 generations of selection (Liu et al, 1994a) . The assumption derived from this information was that environmental changes that may have occurred were minor. This small environmental effect may be attributed, in part, to the controlled nature of the experiment and probably did not affect the selected populations.
RESPONSE TO SELECTION
Eight-week BW of chickens in this experiment were altered considerably over the course of selection. Figure  1 demonstrates the changes in BW for males and females Generations FIGURE 1. Mean 8-wk BW for lines of White Plymouth Rocks selected for 37 generations for high or low 8-wk BW and relaxed sublines initiated in Generations 6, 13, 19, and 26, in which selection was relaxed and chickens were mated at random. (Liu et al, 1994b) . Regressions of 8-wk BW on generation were 22.4 ± 0.9 and 17.0 ± 0.7 g for males and females of the HWS line, and -21.2 ± 0.5 and -17.9 ± 0.4 g for males and females of the LWS line, respectively. Divergence of the selected lines, although gradual, resulted in about an eightfold difference between them for the selected trait in the last generation (S 37 ; Liu et al, 1994b) . The HWS line appeared to reach a plateau between 4 and 12 generations, another plateau between 14 and 20 generations, and a third after 27 generations. The phenomenon of irregular response ("waves of response") is characterized by sharp increases of response following a few generations in which there was a cessation of response. Irregular responses may occur in both short-and longterm selection experiments; however, there is more opportunity to observe them in long-term selection experiments. Considering that the "wave" was relatively longer in the later than in the earlier generations and that attempts were made to minimize macroenvironmental factors, there are two possible explanations. 1) After so many generations of intense selection, genotypes were more sensitive to microenvironmental factors that facilitated irregular responses; or 2) spontaneous mutations may have occurred periodically.
Heritabilities
Realized heritabilities of 8-wk BW for males and females adjusted for number of progeny ranged from 0.22 to 0.28 for Line HWS and from 0.23 to 0.28 for Line LWS (Liu et al, 1994b) . These values included heritability estimates calculated by response-selection differential (total response in Generation 37 divided by total selection differential in Generation 37) and by regression of cumulative responses on cumulative selection differentials. All of these regressions were different from zero. Although realized heritabilities for high and low BW were similar over the course of the experiment, there were greater differences between the methods of calculation in the last half of the study, which may have been due to more irregular responses in these generations (Liu et al, 1994b) .
Selection Differentials
Regressions of selection intensity on generations over the whole experiment were negative for HWS, positive for LWS chickens, and different from zero for both lines (Liu et al, 1994b) . This result indicates that BW of chickens (either HWS or LWS) selected to be breeders for producing the subsequent generations were becoming closer to the population mean from which they were selected, i.e., populations were becoming more uniform.
SUBLINES OF HWS AND LWS

Relaxed Lines
Beginning in Generations 6,13,19, and 26, within each selected line, 10 to 15 males and 30 to 35 females were randomly chosen as parents for establishing sublines in which selection was relaxed. This random choice was conducted before parents of the selected lines were designated. Relaxed lines originating from HWS were designated HR1, HR2, HR3, and HR4 and those from LWS were LR1, LR2, LR3, and LR4, respectively. These lines were maintained by artificial insemination. Numbers of dams used in each generation to reproduce relaxed lines ranged from 20 to 30. Semen was pooled from five males for Rl and R2, and 10 males for R3 and R4.
Lines in which selection had been relaxed served as unselected controls and indicated, to some extent, the effectiveness of artificial selection and influence of natural selection. These populations also provided indicators of changes in the environment because their genetic distance from the selected lines was less than that of the randombred AC population. Regressions of the HWS line and its respective relaxed lines on generations for four different selection periods were always greater for the selected than the relaxed lines (Figure 1) . Similarly, values for LWS were less than those of its respective relaxed lines. Although not all regressions were different from zero, in every case the relaxed line was closer to the origin than its respective selected line.
Dwarf Sublines
In the 13th generation of selection, females from Lines HWS and LWS were crossed with meat-type males carrying the sex-linked dwarfing gene (Reddy and Siegel, 1977c) . After backcrossing heterozygous males to females from each of the selected weight lines for four generations, the two dwarf populations (HWD and LWD) were closed and maintained by within-line random breeding. There was no selection for BW in these sublines. The depressive effect of the dw gene on growth was greater in the LWS than HWS genetic background. Also the depression was greater for BW than for skeletal size regardless of line.
Reciprocal Crosses
Routinely during the selection experiment, reciprocal crosses of the high and low BW lines were produced to enable study of heterosis, recombination, and other genetic effects. In designating these crosses, the male line parent is indicated first and the female line parent second (e.g., HXL is the cross of HWS roosters with LWS hens). Figure 2 demonstrates the growth potential and importance of maternal effects for reciprocal crosses of Lines HWS and LWS in comparison to their parental lines (Liu et al, 1995a) .
CORRELATED RESPONSES TO SELECTION
Correlated responses to selection for BW will be divided into five major classes for this paper: growthrelated responses, metabolic responses, reproductive responses, immune responses, and responses at the nucleotide level. These classifications are made for organizational ease, but are not mutually exclusive when viewed from a physiological or biological perspective.
Correlated Responses in Growth-Related Traits
Body Weights. Body weight at a specific chronological age is a function of growth of component parts. Accordingly, selection for BW at a particular age generally alters BW at other ages. Documentation of the changes in growth curves for these chickens as well as for quail and turkeys in long-term selection experiments has been provided by Anthony et al. (S24; . Correlated responses of 4-wk BW were similar but of a lower magnitude than those for the selected trait in both selected lines (S37; Liu et al, 1994b) . Comparisons of chickens from the HWS and LWS lines after 8 wk of age must be interpreted with caution because of the feed restriction practiced after Generation 18 in the high-weight lines to reduce reproductive complications (Liu et al, 1995b) .
Relative reduction of BW and shank length due to dw was consistently greater in the low-weight than in the high-weight line regardless of diet (S19; Cherry and Siegel, 1978a) . Differing levels of dietary protein (S19; Cherry and Siegel, 1979) and energy (S20; Cherry and Siegel, 1981) did not affect the ratio of dwarf to nondwarf BW. Dwarf chickens were able to adapt to wide ranges of dietary energy when the diets contained sufficient CP.
Appetite. Correlated responses to selection for 8-wk BW included large differences in feed intake. These differences were apparent by Generation S5 (Siegel and Wisman, 1966) and became more pronounced with further selection. Although differences between the populations in actual feeding behavior changed with age, they were more apparent for meal number than meal size (S^y; Barbato et ah, 1980) . That is, HWS and LWS chickens consumed meals of similar size, but HWS chickens consumed more meals during a 24-h period. When adult chickens from the selected lines were provided with two diets from which they could choose simultaneously, chickens of the HWS line selected a diet relatively high in protein, whereas those from the LWS line selected one relatively high in energy (S20; Huey et ah, 1982) . In addition to being able to formulate their own rations in terms of energy and protein content, chickens from these two selected populations were able to discriminate between tastes (e.g., quinine-flavored water vs regular water or glucose water vs regular water) (S22; Barbato et al., 1982; S23; Brody et ah, 1983) . There were, however, differences between the selected lines in thresholds for discrimination (lower threshold for LWS than HWS) with F] crosses exhibiting thresholds intermediate to their parent lines. The LWS pullets required about 15 d to adjust their diet to an isocaloric level (based on the glucose solution plus feed), whereas HWS pullets required 30 d to make the adjustment (S21; Gidlewski et al, 1982) . Ability of the selected lines to formulate their own rations when supplied with glucose water was also shown (S23; Brody et al, 1984b) . When given a choice of diets varying in levels of methionine, HWS but not LWS chicks exhibited a preference that was age-related (S36; Noble et ah, 1993a) .
Restriction of water intake depressed feed intake to a greater degree in the high line than in the reciprocal crosses, but depressed BW by approximately 10% in both parentals and crosses through 28 d of age (S22; Barbato et ah, 1983a) . Overfeeding HWS and LWS chickens from hatch to 21 d of age was more effective in Line LWS (that is, chicks from this line could be overfed at an earlier age) than Line HWS chicks (S 22 ; Barbato et ah, 1984) . The HWS chicks were better able to compensate for a 24-h period without feed than LWS chicks (S23; Dunnington et ah, 1987) .
In an attempt to evaluate the physiological mechanism^) by which these changes in appetite occurred, studies were conducted to evaluate central nervous system control of appetite. Electrolytic lesioning of: the ventro-medial hypothalamus of hens from Lines HWS and LWS resulted in expected obesity syndrome in Line LWS, but not in Line HWS (S 22 ; Burkhart et ah, 1983) . The results suggested that selection for increased BW resulted in a diminution of hypothalamic satiety mechanisms. The intracerebroventricular (ICV) injection of methoxamine into fully fed birds (S25; Denbow et ah, 1986) increased feed intake in the HWS line but had no effect on feed intake in the LWS. Conversely, the ICV injection of 5-hydroxytryptamine had no effect in fully fed birds but decreased feed intake in birds deprived of feed for 24 h in both lines, with duration of the effect much longer in HWS birds. These results suggested that selection for growth altered the brain response to biogenic amines. Feed intake of LWS chickens was increased significantly by intrahepatic infusions of plasma from feed-deprived HWS chickens, suggesting that some property of plasma from feed-deprived chickens stimulated appetite (S26; Lacy et ah, 1987) . There was no change in feed consumption of HWS line chickens with similar plasma treatments.
Anorexia. Among the more interesting anomalies in feed intake of these selected lines has been the anorexia expressed by pullets of Line LWS. Beginning in Generations 25 and 26, a considerable number of pullets did not achieve sexual maturity (marked by production of the first egg). From that time on, it became commonplace for a proportion of pullets (from 25 to 50%) to fail to reach sexual maturity by 275 d of age (Zelenka et ah, 1988; Liu et ah, 1995b) . This phenomenon will be discussed further when describing correlated responses in reproductive capabilities. In addition, from 5 to 20% of newly hatched LWS chicks do not survive the 1st wk after hatch because they simply never learn to eat (S33; Noble et ah, 1993b; S37; Liu et ah, 1995b) .
The marked difference in eating behavior between the selected lines (hyperphagia in HWS and anorexia in LWS chickens) was the basis for experimentation on intermingling HWS and LWS chicks in the same pen to ascertain whether the intense feed intake behavior of the HWS chicks would encourage a higher level of consumption among LWS chicks (S33; Noble et ah, 1993b) . Surprisingly, increased eating behavior of HWS chicks was found when the intermingled groups were housed in cages, but there were no differences when in floor pens.
Removal of the yolk sacs of some newly hatched chicks while leaving others intact was conducted to ascertain influences of the yolk sac as a transitional organ in supplying nutrition immediately after hatch (S36; Turro et ah, 1994; Turro-Vincent et ah, 1994; Nitsan et ah, 1995) . The HWS chicks exhibited BW gains earlier posthatch than LWS chicks. Also, BW gains were greater for intact chicks than for chicks from which the yolk sac had been removed in HWS, but not in LWS line, demonstrating a differential dependence by fast-and slow-growing chicks on removal of the yolk sac. Evidence was obtained that contents of the yolk sac did not enter the intestine via the yolk stalk but was absorbed through the blood.
Feed Efficiency. Efficiency of feed utilization may be influenced by under-or overconsumption of feed. During early generations of selection, feed efficiency of embryos was measured. Growth of the developing embryo may be restricted by finite resources available from the egg. Using successive eggs from S5 generation HWS and LWS dams, Lepore et ah (1963) conducted chemical analyses of some freshly laid eggs and incubated others to obtain comparable data for the chicks at hatch. The HWS embryos were more efficient in the utilization of energy and certain amino acids (particularly the sulfur-containing amino acids) than those from the LWS line. These results indicated that genetic alterations in growth potential implemented by selection for BW at 8 wk modified efficiency of feed utilization by embryos.
A different pattern emerged when comparisons between lines involved chicks after hatch (Siegel and Wisman, 1966) . Under ad libitum feeding, HWS chicks consumed more feed and grew faster than those from the LWS line, but there was no difference between lines in feed efficiency to a fixed age. When the feed intake of HWS chicks was limited to that of their LWS line counterparts in pair-feeding trials, they utilized feed more efficiently than LWS chicks. These results were consistent for several diets and implied that correlated responses for feed consumption masked those for feed efficiency. Additional generations of selection resulted in differences between lines in feed efficiency to a fixed age that were sufficiently large to override increased consumption (S114243; Owens et al, 1971; S22; Barbato et al, 1983a,b) . The superior feed efficiency of the HWS to LWS chicks was associated with several factors, including changes in oxygen consumption (Owens et al, 1971) , rate of feed passage (Sis; Cherry and Siegel, 1978b) , intestinal glucose absorption capabilities (S22; Walker et al, 1981) , and temperature regulation (S24; .
With subsequent generations of selection, paired feeding between the HWS and LWS chickens was not possible due to the great divergence in BW and feed consumption. Therefore, a later study was conducted by pair-feeding HWS with HWR individuals and LWR with LWS individuals (S 32 ; O'Sullivan et al, 1992a) . At 21 d of age, differences between the selected lines for ad libitum chickens were 404% for BW, 279% for feed intake, and 138% for feed conversion ratio (FCR). Respective percentages for the HWR and LWR lines under ad libitum feeding were 267, 223, and 121%. When pair-fed, the growth of Line HWS was unimpeded and FCR improved. When LWR chicks were pair-fed, FCR also improved, but growth was reduced and appetite development was inhibited. Hyperphagic behavior was observed in Line HWS. In Line LWS, the chicks exhibited hypophagia . Also involved in this paradigm of feed efficiency and feed intake were rate of feed passage, which was faster in HWS than LWS chickens (Sis; Cherry and Siegel, 1978b) , and nonadditive genetic variation in which heterosis was 15% in crosses of these lines (S36; Liu et al, 1993) .
Body Composition; Supply and Demand Organs.
Along with changes in BW at 8 wk of age and at other ages, body composition was also influenced by selection. Line HWS chickens grew faster and had a higher percentage of body fat than those from Line LWS (S20; Burgener et al, 1981; S 26 ; Dunnington et al, 1986; S29; Robey et al, 1992) . The actual processes of lipogenesis and lipolysis occurred at a faster rate in LWS than HWS chickens (S 24 ; Calabotta et al, 1983 Calabotta et al, , 1985 . Thus, maintenance of increased postmaturational body fat associated with selection for high BW was primarily the result of decreased lipolysis rather than enhanced lipogenesis.
Differential growth rates of various organs during early development in the selected lines were quantified by designating these organs as supply or demand organs. Supply organs are those that are integral to the digestion and assimilation of nutritive components into the body, such as the gastrointestinal tract (GIT), heart, lungs, and liver (S27; Katanbaf et al, 1988a) . Demand organs are those organs that make use of body supplies and energy to expand, such as skeleton, muscles, skin, and feathers. Relationships of rate of development of specific organs to total BW varied with age and with divergent selection for BW. Selection for high and for low BW at 8 wk of age resulted in compromises in resource allocations. Specifically, selection for high juvenile BW resulted in relatively heavier breasts, legs, abdominal fat depots, and small intestines, whereas selection for low juvenile BW favored relatively heavier feathers and gizzards (Katanbaf et al, 1988b) . The HWS line chicks generally had more and larger muscle cells (Sg; Lepore et al, 1965) because they deposited relatively more muscle tissue than those from the low line (S29; Anthony et al, 1988; O'Sullivan et al, 1992b) . Brain weights were heavier in Line HWS than LWS; however, relative to BW brains were heavier in Line LWS than HWS (S 29 ; Anthony et al, 1991b) . Even within the demand organs, differential growth occurred. Although weight of Pectoralis muscle was similar to that of one Gastrocnemius muscle on Day 1, by Day 273 its weight was over threefold greater.
Correlated Responses in Metabolic Factors
Integrally associated with the correlated responses described above is the metabolic environment of the biological systems under selection. Changes in the physiological expression of the chickens' genotypes are governed by phenomena such as thermoregulation, growth hormones, digestive enzymes, and thyroid hormones. Some of these characteristics have been quantified in the selected populations.
Thermoregulation. Surface (foot pad) and cloacal temperatures of high and low weight normal and dwarf chicks and reciprocal crosses of normal chicks were measured periodically (S24; . Although LWS and LWD chicks generally had lower surface temperatures than those from the other lines early in life, these differences were not apparent when the chickens matured. There was a consistent tendency for dwarfs to have lower temperatures than normals in HWS and higher than normals in the LWS line. The LWS chicks had lower core temperatures through 23 d of age than the other populations, but the range of cloacal temperatures was exceedingly narrow across all populations, presumably because of natural selection to maintain an intermediate optimal internal temperature .
A 24-h period of feed deprivation in LWS and LWR chickens reduced cloacal temperatures in the selected but not the relaxed lines (S26; . Cloacal temperatures were not affected by intubation with feed. In LWR chickens, surface temperatures were equivalent in ad libitum control and feed-restricted birds, but higher in those that had been intubated with feed. In Line LWS, surface temperatures were lower for restricted chickens and higher for intubated ones than for their respective ad libitum controls .
Diabetes. Comparisons were made of plasma concentrations of glucose, lipid, and protein of HWS and LWS male chicks at 25 and 61 d of age (S 30 ; Cherry et al, 1987) . The HWS chicks had higher concentrations of glucose, lipid, and protein in plasma at 25 but not 61 d of age than LWS or the HXL cross. Relationships among glucose tolerance, plasma insulin, and plasma glucagon were examined in HWS, LWS, and HXL chicks (S26; Sinsigalli et al, 1987) . At all ages, LWS chicks were better able to clear glucose from their blood than were their HWS counterparts, and the HXL chicks exhibited intermediate responses. Because impaired glucose tolerance in the HWS and HXL chicks was not associated with an insulin insufficiency, it was concluded that excessive fat deposition in chickens selected for rapid growth was associated with increased concentrations of insulin and glucagon in plasma and perhaps insulin resistance (Sinsigalli et al, 1987) .
Growth Hormones and Thyroid Hormones. Plasma levels of growth hormone (GH), triiodothyronine (T3), and thyroxine (T4) were measured at 25 and 61 d of age in parental lines and the HXL cross under ad libitum and alternate-day feeding (S 23 ; Nir et al, 1987b) . Differences among populations for these levels of hormones were more pronounced at 61 than at 25 d of age. Growth hormone decreased and T4 increased with age in all populations except for Line LWS, whereas the pattern for T3 varied with genetic stock. On days when chicks were not fed, plasma GH and T4 increased and T3 decreased. On days of feeding, GH and T4 returned to the level of chicks that ate ad libitum but T3 was either similar to or higher than that of the ad libitum chicks (S 23 ; Nir et al, 1987b) .
Plasma concentrations of hormones related to growth and development were measured in normal and dwarf chickens from the high or low selected lines (S29; Scanes et al, 1989) . Plasma concentrations of insulin-like growth factor (IGF)-I were lower in the LWS than HWS line and lower in dwarf than normal chickens at 51 d of age; however, plasma concentrations were similar for adults. Plasma concentrations of IGF-II were lower in LWS chicks irrespective of age and were reduced in dwarf birds. Although no line differences were observed for either T4 or T3, plasma concentrations of T3 but not T4 were lower in dwarf than normal chickens.
Growth of the small intestines, liver, and pectoral muscle, and concentrations of plasma T3 and T4 were measured at 11,17, and 20 d of incubation and 5,12,20,31, and 61 d after hatch (S 30 ; McNabb et al, 1989) . The HWS chicks were consistently heavier than LWS chicks as were their organs from Day 17 of incubation onward, following growth patterns characteristic of these lines. Significant line by age interactions indicated that chickens divergently selected for juvenile BW had different temporal patterns for plasma T3 and T4 during this period, although the relationships were not simple. Differences in T3, T4, and hepatic 5'-deiodinase at the time of hatch (S33; McNabb et al, 1993 ) may be associated with the known differences in incubation time between the selected lines (S 32 ; Dunnington et al, 1993c) . Even as adults, HWS chickens had higher specific activity of hepatic 5'deiodinase, and thus potentially higher T3 production, than those from either the LWS line or the HXL cross (S32; McNabb et al, 1991) . Increases in intestinal 5'-deiodinase of HWS chicks at hatch may have been important in the differential intestinal growth that led to higher relative intestinal weight of HWS than LWS chicks after hatch (S33; Suvarna et al, 1993) . The magnitude of 5'-deiodinase activity and the relative size of the intestine suggested that this organ may be an important contributor to plasma T3.
Digestive Enzymes. Digestive enzyme activities (trypsin, chymotrypsin, and amylase in the pancreas) were compared in HWS, LWS, and HXL chicks under ad libitum and alternate-day feeding (S23; Nir et al, 1987a) . At 25 d of age, specific activities of pancreatic amylase, trypsin, and chymotrypsin in feed-restricted chicks were less in the HWS than the other populations. At 61 d of age, activity in the HWS line had returned to that of ad libitum chicks. Hypertrophy of the pancreas following intermittent feeding was more pronounced in the HWS and HXL chicks than in LWS chicks.
From hatch to 10 and 15 d of age, differences between the selected lines in levels of trypsin, chymotrypsin, and amylase in the pancreas and contents of the small intestine were age-dependent (S30; Nitsan et al, 1991; S33; Dunnington and Siegel, 1995) . In general, relationships between the selected lines for these digestive enzymes varied with age. Levels of amylase, trypsin, chymotrypsin, and lipase in the pancreas and small intestinal chyme were measured in females from Lines HWS, LWS, HWR, and LWR (S 32 ; O'Sullivan et al, 1992c) . Although comparisons between HWS and LWS lines at common ages revealed higher enzyme levels for the former than latter, when comparisons were made at a common BW (80 ±5 g), there were no differences between lines. These results suggested that correlated responses in feed intake were mediating the regulation of digestive enzyme levels in the pancreas and the intestinal chyme of these growth-selected lines of chickens. Further evidence for this thesis was obtained when HWS and LWS chicks were fed diets that were different in nutrient density (S32; Dunnington and Siegel, 1995) . Enzymatic activity was higher for HWS than LWS chicks and for those fed the higher than lower proteinenergy diet. One of the functions of glutathione is maintaining enzymes in their active state. During the early posthatch period, blood glutathione levels were greater for HWS than LWS chicks (S n ; Owens et al, 1970) . The HWS chicks were heavier, consumed more feed, utilized feed more efficiently, and had faster feed passage rates than LWS chicks. These characteristics suggested that HWS chicks needed more digestive enzymes than LWS chicks, because increased synthesis to meet increased growth demands was a correlated response to selection.
Correlated Responses in Reproductive Traits
Embryonic and Incubation Differences. Alterations in the reproductive capabilities of chickens selected for high or low 8-wk BW were apparent fairly early in this selection experiment. Number of somites at 42 h of incubation was greater in Line LWS than HWS embryos (S5; Coleman et al, 1964) . Embryogenesis at oviposition was further advanced in Line LWS than HWS, although there were no differences between lines or embryonic stages for size of the blastoderm at oviposition (Sy, Coleman and Siegel, 1966) .
Chromosomal analyses of embryos revealed a higher frequency of abnormalities in the HWS than LWS line (14.5 vs 6.2%) (S 16/17 ; Reddy and Siegel, 1977a) . Rate of growth in Generation 28 was similar for dwarf and normal embryos within a selection direction from Day 5 of incubation to 3 d after hatch (Anthony et al, 1989c) . Embryonic growth and yolk sac weight were modified by selection; however, values were higher for the HWS than the LWS line. Although relative weight of residual yolk (g/100 g BW) was greater at hatch in HWS than LWS chicks, this difference between lines disappeared by 3 d posthatch (S30; Nitsan et al, 1991) . By Generation 33, LWS embryos pipped through the air cell, pipped through the shell, and hatched approximately 12, 7, and 5 h earlier than HWS embryos .
Age at Sexual Maturity. The age at which pullets commenced egg production has been delayed in both selected lines. Study of the relationship between age and BW at sexual maturity (production of first egg) indicated that for the onset of egg production there was a linespecific minimum age, minimum BW, and body composition (S23; Dunnington et al, 1983 S24; Brody et al, 1984a ; S 24/2 5; Zelenka et al., 1986a,b; . The HWS pullets reached their threshold BW at young ages and sexual maturity was dependent on their achieving a threshold age to begin egg production. Conversely, LWS pullets reached their threshold age before BW and composition were sufficient to allow egg production, causing considerable delays in the initiation of egg production. With subsequent generations of selection, the delay or lack of maturation of LWS pullets became extremely pronounced, resulting in some generations in which selection for BW at 8 wk of age was reversed in order to reproduce the population (Liu et al, 1995b) . Fluctuations in the percentage of pullets that attained sexual maturity from one generation to the next established a pattern between Generations 19 and 31. There was a positive correlation between BW at 8 wk and percentage of pullets in lay by 275 d of age (Figure 3) . That is, when the mean BW at 8 wk of age increased for the population as a whole, a considerably higher proportion of individuals reached sexual maturity and vice versa. After Generation 31, BW at 8 wk decreased consistently through the 38th generation, but the proportion of pullets that matured generally increased. This change in pattern suggests that the LWS pullets have further adjusted their physiological mechanisms to accommodate a lower BW and to achieve sexual maturation. Two generations of crosses between the LWS line and a line of White Plymouth Rock bantams were produced to evaluate growth and rate of sexual maturity in especially small chickens (S31; Dunnington and Siegel, 1991a,b) . Comparisons of all possible crosses of these 2 populations over two generations (16 resulting populations) suggested that age at sexual maturity was influenced by sex linkage, by one or more genes with major effects, and by other genes with lesser effects. When compared to performance of the parental population, some measures of reproductive fitness were improved by crossing (age at first semen production, age at first egg, and hen-day normal egg production). Other traits were not changed by crossing (percentage normal eggs, duration of fertility).
Ovulation and Egg Production. Pullets from Line LWS produced more normal eggs, whereas those from Line HWS produced more defective eggs and a higher number of total eggs (S1445; Udale et al, 1972; Si$; Reddy and Siegel, 1976; Siegel and Dunnington, 1985; Dunnington et al, 1990a) . In the R2 populations, relaxation of selection decreased the number of defective eggs for chickens selected for high BW, but had no influence for those selected for low BW (S^^y, Reddy and Siegel, 1977b) . Levels and duration of fertility were not different in the selected lines at this point in the experiment (S14^5; Van Krey and Siegel, 1974) . The production of multipleyolk eggs and duration of the rapid phase of yolk growth were measured in the selected lines and reciprocal crosses between them (S26; Zelenka et al, 1986c) . Incidence of multiple-yolked eggs was greater in Line HWS than LWS, but the period of rapid yolk growth was similar for the two selected lines. Heterosis was -9 and -1% for multiple ovulations and for the period required for rapid growth, respectively.
Egg weights and egg components were measured at 300 and 360 d of age for normals and dwarfs from these lines (S 28 ; Anthony et al, 1989a,b) . The HWS pullets laid larger eggs with more dry yolk, but less relative dry yolk and shell dry matter than those from the LWS line. Nondwarfs produced larger eggs with more absolute and relative dry yolk and shell dry matter than dwarfs. An increase in the number of defective eggs produced in Line HWS was due, in large part, to lack of synchrony in the process of ovulation and subsequent packaging of the eggs. Beginning in Generation 18, HWS and HWR chickens were feed-restricted, commencing immediately after obtaining 8-wk BW (Liu et al, 1995b) . Although this feed restriction program precluded valid comparisons with other populations for BW after 8 wk of age, it was necessary to ensure continued successful reproduction in the lines.
Presence of the sex-linked dwarfing gene caused differences in egg production capabilities for both HWS and LWS females. The dw gene depressed egg weights, with a relatively greater reduction occurring in the LWS than in the HWS line (S 17/18 ; Cherry et al, 1977) . When expressed as a percentage of egg weight, eggshell was reduced by the presence of dw in both lines. Feeding diets containing higher nutrient densities partially alleviated the depressive effect of dw on egg weights. High density diets also attenuated the depressive effect of dw on percentage eggshell in the LWS but not the HWS line (Cherry et al, 1977) . Feeding a diet containing increased levels of protein, calcium, phosphorus, and metabolizable energy increased the egg production of dwarfs, regardless of their background genome, but did not affect the egg production of normal hens (S19; Cherry and Siegel, 1978a) .
Correlated Responses in Immunological Characteristics
Antibody Response to SRBC. Injecting chickens with a suspension of SRBC and then measuring antibody response provides a method of ascertaining the chicken's ability to mount a protective response to a foreign protein (Siegel and Gross, 1980) . Kinetics of primary and secondary antibody responses were evaluated (S33; Miller et al, 1992) . Response a few days after injection in both HWS and LWS chickens was similar to that of a White Leghorn population in which selection had been practiced for low antibody response. The LWS chickens demonstrated the ability to maintain a more persistent antibody level than HWS chickens for 1 to 3 wk after challenge (Miller et al, 1992; Dunnington et al, 1993a) . Previously, Martin et al. (S2930; compared normal and dwarf chickens from the selected lines. Five days after administration of SRBC, antibody responses were greater for Line LW than HW and greater in dwarfs than nondwarfs. The dwarf-nondwarf differences, but not the line relationships, were also evident for a subsequent booster challenge. Comparisons of SRBC antibody titers between the selected lines and Fi crosses between them (S36; Liu et al, 1995a ) also showed greater antibody responses for LWS than HWS chicks, whereas responses for the crosses were greater than that of either parental line with a heterosis of 70%.
Major Histocompatibility Complex. Blood typing was used to identify allelic frequencies for the B and C systems of the MHC for 5 consecutive generations (Generations 30 through 34) of selection and 3 consecutive generations (Generations 5 through 7 of R4) in which selection was relaxed (Boa-Amponsem et al, 1992) . There was segregation for alleles C», <?, and C", in Line HWS and for &, (?, and C 10 in Line LWS, indicating that the original base population in which selection for BW had been initiated possessed at least four C alleles, except possibly for subsequent mutations. No clear trends in changes of allelic frequencies were apparent during the five generations of selection studied in the HWS line. In the LWS line, however, there was an increase in C$C 9 individuals, accompanied by a reduction in C & C W and C 9 C 10 birds. The C genotype frequency changes were the result of a distinct decrease in frequency of C w from 0.33 to 0.04 in the last two generations, with increases in the other two alleles.
For the B complex, in Line HWS, frequency of the B 32 allele increased during the period of selection reported here from 0.14 to 0.39 and was 0.34 in the last year of relaxed selection. In Line LWS, the B 32 haplotype increased from 0.08 to 0.19, which was lower than in Line LWR, in which it increased to 0.40. This contrasting change in gene frequency of B 32 in the two BW lines suggests that this haplotype may have been associated with increased BW; i.e., in HWS under selection for an increase in weight and in LWR when selection for low weight was relaxed. A contrast in gene frequency changes during selection in the LWS line was evident for B 34 , decreasing from 0.85 to 0.60 and increasing from 0.07 to 0.21 for B 3 5. When selection for low BW was relaxed, B 3 5 disappeared. Whether this resulted from sampling error, drift, or whether it indicated that the B 3 5 haplotype was maintained by selection for low BW is unknown. There was a trend for an increased percentage of heterozygous chickens in both selected lines, suggesting natural selection for fitness in these lines (Boa-Amponsem et al, 1992) .
Correlated Responses at the Nucleotide Level
Within and between line comparisons for patterns of DNA fingerprints (DFP) were made for Lines HWS and LWS (S 3 i; Dunnington et al, 1990b Dunnington et al, , 1991 . Digestion of DNA with Hz'nfl and hybridizaton to Jeffreys' minisatellite probe 33.6 resulted in DFP that were relatively similar within lines (band sharing = 0.50) and less similar between lines (band sharing = 0.22). Analyses of scorable DFP bands produced by mixing DNA from individuals within lines indicated that 48% were line-specific (Dunnington et al, 1990b) .
Efficacy of DFP bands in marker-assisted selection programs for quantitative traits was evaluated in these populations through a four-generation breeding project to produce segregating sire families of appropriate genetic structure (S33; Dunnington et al, 1992b) . From a total of 13 DFP bands that were disparate in intensity between the tails of the quantitative distribution for the traits, four bands were chosen for analyses. Matings were made based on the presence or absence of these bands, and were limited to individuals that were within 0.5 standard deviation of the mean for the distribution of the trait. Quantitative traits of the resulting progeny were analyzed to determine whether parental type (presence or absence of the DFP band) influenced expression of the trait in the offspring. One band out of the four tested was associated with shank length at 12 wk of age. This DFP band was an effective predictor of phenotype for both shank length at 12 wk and BW at 8 wk of age, and appeared to be inherited in a dominant fashion .
Further study with DFP analyses indicated that associations of a DFP band and a gene coding for a quantitative trait were present, but in some cases the expression of the trait differed, depending on the dam family in which it occurred . These data suggested that associations between DFP bands and quantitative traits were not consistent in different genetic backgrounds.
RESOURCE ALLOCATION AND FITNESS
Availability of resources for a variety of demands in life is limited and is continually adjusted by a biological entity during various phases of its life cycle, based on physiological needs (Gross, 1983) . Accordingly, resources may be diverted to different biological functions such as growth, maintenance, immune response, and reproduction Dunnington, 1990) . Gross (1983) emphasized that there may be prioritization of resource allocation toward adaption to changes in the environment. He reasoned that changes in the environment alter adaptive mechanisms governing the allocation of resources and cell biochemistry.
As early as the S7 generation ) and throughout the long-term selection experiment reported herein, there were many cases of resource allocation or prioritization of resource use for the varied and sometimes overwhelming myriad of demands placed on artificially selected chickens. These conflicting demands on the individual may be expressed as a negative correlation between two or more traits because the individual cannot satisfy all demands at a given time. For example, we take for granted that there are negative correlations between excess growth and reproductive efficiency and between rapid increases in BW and successful disease resistance. Whether such negative correlations are due to the limited resources available to the animal or to a true genetic association between the traits is difficult to ascertain.
As a selection experiment progresses from short-to long-term (generally meaning less than or more than 20 generations), there is considerable evidence that the selected population has gradually changed so that return to a previous level of homeostasis probably will not occur, even if selection ceases. Values of 8-wk BW with relaxation of selection really did not regress towards the original population mean, but stayed at the level of the selected population at the time that the relaxed line originated. Thus, although selection for divergent 8-wk BW decreased many aspects of fitness, gradual adaptation of the chickens to their new physiological state must have occurred, explaining why the relaxed populations did not really regress towards the original mean.
